An experiment has been constructed to determine the rovibrational states populated in the formation of H 2 on the surface of cosmic dust under conditions approaching those of the interstellar medium (ISM). During the experiment, a beam of atomic hydrogen of controlled temperature is incident upon a target which is an analogue of cosmic dust. Molecular hydrogen desorbing from the target's surface is ionized using (2 + 1) resonance enhanced multiphoton ionization and detected using time-of-flight mass spectrometry. The experiment allows the rovibrational populations of the H 2 molecules desorbing from the cosmic dust targets to be determined providing information on the energy budget of the H 2 formation process in the ISM. Preliminary results from the experiment, to prove its viability, show that H 2 molecules formed on an highly oriented pyrolytic graphite surface have a measurable population of excited vibrational and rotational states.
Introduction
Molecular hydrogen is by far the most abundant molecule found in interstellar space and has been observed in gas clouds in the interstellar medium (ISM) through rocket-borne spectroscopy [1] , satellite spectroscopy [2] [3] [4] [5] [6] [7] [8] [9] and earth-based observations [10, 11] . Due to its high abundance, molecular hydrogen is a crucial participant in all of the chemistry in the ISM and the molecules generated by this chemistry provide a crucial cooling mechanism during the gravitational collapse of molecular clouds to form stars [12] . However, the problem of how to form molecular hydrogen with a high enough efficiency to account successfully for its abundance in the ISM is a major problem in modern astrochemistry [12] . The average number density of the interstellar clouds, where most of the H 2 molecules are found, is approximately 10 10 molecules /m 3 [13] which makes gas phase reactions such as the following H + H → H 2 + hv
H + H + H → H 2 + H
extremely inefficient. The widely accepted mechanism for the formation of H 2 in the ISM is that it forms through a catalytic reaction between H atoms (H ads ) on the surface of cosmic dust grains [14] [15] [16] [17] [18] (3) where the grains are thought to be either carbonaceous or silicate in nature [19, 20] and may have icy mantles [21] . Many of the facts required to fully understand the formation of H 2 on dust grains are yet to be determined. How efficient is the reaction? What happens to the 4.5 eV binding energy released on formation of the H 2 molecule; does it go into heating the grain or does it provide internal excitation of the newly formed H 2 molecule? These questions are vitally important for understanding the observations of H 2 and for modelling chemical processes in the ISM.
To date, some progress has been made in understanding H 2 formation on cosmic dust in the ISM both theoretically and experimentally. Theoretically, both classical [22] [23] [24] and quantum mechanical models [25] [26] [27] [28] predict significant excitation of the product molecules.
Experimentally, other groups have studied the formation of H 2 and HD under interstellar conditions on olivine [29] [30] [31] , amorphous carbon [32] [33] [34] and prototypical icy mantle surfaces [35] , but no determination of the rovibrational distribution of the product molecules has yet been carried out. It is this crucial aspect of the energy budget we intend to probe with the apparatus described in this paper.
Away from astrochemistry, the rovibrational distribution of H 2 molecules formed through associative adsorption has been probed using laser spectroscopy for several systems at elevated temperatures using either permeation sources or thermally cracked H atom sources directed onto single crystal surfaces. Experiments have concentrated mainly on metallic surfaces, for example copper [36] [37] [38] [39] , nickel [40, 41] , palladium [42] , silver [43] and aluminium [41] with some experiments also studying H 2 formation on silicon [44] . These studies showed that laser spectroscopy provides a practical experimental technique to probe the rovibrational energy distribution of molecular hydrogen formed in heterogeneous processes. However, no work has been carried out using a translationally cooled H atom beam incident on graphitic surfaces that mimic cosmic dust grains under conditions designed to simulate the ISM. This paper describes the design and performance of a new experiment to determine the energy content of H 2 formed on cosmic dust analogues under conditions approaching those of the ISM. The experiment directs a beam of atomic hydrogen, which may be cooled to 100 K, onto a surface which is an analogue of cosmic dust. Molecular hydrogen that is formed on the target's surface is state-selectively ionized via (2 + 1) resonance-enhanced multiphoton ionization (REMPI) of H 2 , via the E, F state, and detected using a time-of-flight (TOF) mass spectrometer. This experimental arrangement means that the nascent rovibrational distribution of the molecular hydrogen can be determined, providing previously unavailable information on the energy budget of the H 2 formation process in the ISM.
Experimental design

Overview
The regions of the ISM where H 2 formation occurs generally have temperatures of approximately 10 K and pressures of approximately 10 −12 Torr [13] . Therefore, to approximate the conditions of the ISM, whilst retaining practical operating conditions, requires ultra-high vacuum (UHV) conditions and the use of cryogenics. Our experiments take place in three custom-built stainless steel chambers sealed with CF flanges (figure 1). As shown in figure 1 , the first ('source') chamber contains an atomic hydrogen source, the output of which is piped to an aluminium tube attached to a liquid helium cold head. The second ('chopping') chamber contains a series of turning fork choppers which can be inserted into the hydrogen atom beam generated from the source chamber. The final ('reaction') chamber contains a TOF mass spectrometer and a target mount attached to a second, helium-cooled, cold head. The cosmic dust targets are mounted on the end of the cold head such that they are held approximately 1 cm from the TOF mass spectrometer. The source and reaction chambers are both pumped with turbo-molecular pumps with pumping speeds of 400 l s −1 . The chopper chamber is pumped with a turbo-molecular pump with a pumping speed of 205 l s −1 . All the turbo pumps are backed with two-stage rotary pumps. The reaction chamber is additionally pumped with a three-filament titanium sublimation pump to achieve UHV conditions. To monitor the chamber pressures, Penning gauges are used for the source and chopping chambers, and an ion gauge is used on the reaction chamber. With the sublimation pump running, the reaction chamber achieves a base pressure of around 1.0 × 10 −10 Torr and with the H atom beam in operation the pressure in the reaction chamber can be varied from 5 × 10
to above 10 −7 Torr. Lower operating pressures can be achieved by decreasing the size of the aperture between the chambers (see below). The lowest operating pressure will be of the order of 10 −10 Torr as below this pressure there exists the possibility of surface contamination from the residual gas.
The following sections describe the operation and design of the major components of the experiment and section 3 discusses their performance. Section 4 presents representative results from the experiment.
Hydrogen atom generation
An atomic hydrogen beam is produced via the microwave dissociation of H 2 (figure 2). High-purity (99.9995%) H 2 is passed, via a liquid nitrogen cold trap, into a Pyrex discharge cell of length 260 mm, outer diameter 25.5 mm and wall thickness 2 mm. Surrounding the discharge cell is a commercially available cylindrical two-piece slotted radiator [45, 46] . The radiator is made from copper of thickness 5 mm and its internal diameter is 26 mm ensuring a close fit around the discharge cell. Microwaves are supplied to each side of the radiator by an EMS Microtron 200 oscillator using Sucoflex waveguides with N-type BNC connectors. The lengths of the waveguides were chosen so that the microwaves enter the two sides of the radiator 180
• out of phase as this greatly reduces the reflected microwave power. Any gaps in the outside of the radiator are sealed with copper tape. The radiator has a water-cooled copper flange at each end to keep the discharge cell cool as the probability of H 2 recombination on a Pyrex surface increases with temperature [47] . Figure 2 shows the atomic hydrogen source assembly.
Prior to use, the discharge cell is soaked in orthophosphoric acid (H 3 PO 4 ) for 12 h and then rinsed with distilled water to passivate its surface [48] . The hydrogen atoms leave the discharge cell through a 1 mm wide capillary of length 20 mm. The hydrogen source needs conditioning over a period of several days to achieve its optimum working conditions, due to the passivation of the walls of the discharge cell. For this reason the source is run continuously, with appropriate safety precautions, and only turned off when essential maintenance is required.
Aluminium cooling tube
After the atoms have left the discharge cell they are directed by a length of polytetrafluoroethylene (PTFE) tubing of internal diameter 5.4 mm. PTFE is used as it is highly inert, has good vacuum characteristics and its surface exhibits a very low H atom recombination probability [49] . One end of the tube fits snugly over the exit capillary of the discharge cell, the other end is inserted into the aluminium tube which is attached to a 2 W cold head cooled using a closed-cycle helium compressor. The aluminium tube is 100 mm long and 5 mm in diameter. Its purpose is to cool translationally the H atoms from the discharge source and also to ensure that any undissociated but rovibrationally excited H 2 emerging from the source is thermalized through collisions with the tube's walls. This cooling is important, as to measure the quantum state populations of rovibrationally excited H 2 formed on the cosmic dust targets requires that no rovibrationally excited H 2 molecules are brought into the reaction chamber along with the H atoms. The cold head lowers the temperature of the aluminium tube to around 110 K, measured by a silicon thermodiode. Aluminium is chosen as the material for the tube as the probability for recombination on its aluminium oxide surface is known to be very low at temperatures of the order of 110 K [49, 50] , although it rises rapidly with increasing temperature, and it has been shown to act as an efficient cooling surface for hydrogen atoms [49, 51, 52] .
Transport of atom beam to reaction chamber
After passing through the aluminium tube the hydrogen atom beam is then incident on a small aperture (1.5 mm diameter) in a PTFE disc at the exit of the source chamber. This aperture provides a pressure differential between the source chamber, which operates at a pressure of 1 × 10 −6 Torr, due to the gas load from the hydrogen atom discharge source, and the UHV part of the apparatus. In the second vacuum chamber a mechanical chopper can be inserted into the H atom beam emerging from the orifice. This chopper serves to provide short pulses of hydrogen atoms into the reaction chamber so that H 2 recombination reactions can be studied as a function of time. The chopper consists of an array of four 'tuning forks' which each have two electromagnetically driven paddles that move apart creating an aperture and then move back again at a set frequency. The tuning forks used have frequencies of 10, 15, 40 and 80 Hz and are mounted in a line, one after the other, in the path of the atomic hydrogen beam. This arrangement gives a ∼5 ms pulse every ∼200 ms.
For the experiments described in this paper, which have the objective of measuring the rovibrational energy distribution of the heterogeneously generated H 2 , a pulsed beam is not required so the H atom beam was piped, again using PTFE tube, from the differential pumping orifice, across the second chamber onto the cosmic dust target from a distance of approximately 10 mm. The PTFE tube passes around the TOF mass spectrometer and above the path of the laser beam so that the cosmic dust target is the first surface presented to the emerging H atoms. This arrangement has the dual advantages of giving an increased H atom flux at the target and ensuring that the first reactive surface the H atoms encounter is the target. The disadvantage of this experimental arrangement is that the hydrogen atoms thermalize on the second piece of PTFE tube, giving an incident H atom temperature of 295 K. However, such a thermalized atom beam is perfectly satisfactory for the proof of principle experiments described in this paper.
Target mount
The targets used in the cosmic dust experiment need to be mounted in a way such that they can be heated to elevated temperatures, typically 1400 K, sufficient to remove any species physisorbed or chemisorbed on their surfaces, and also cooled to temperatures of the order of 10 K to simulate the dust grains in interstellar clouds. The targets are mounted on the end of a rectangular copper rod which is attached to the end of a 12 W cold head running from the same closed cycle helium compressor as the cold head in the source chamber. Various lengths of copper rods can be used to connect the target mount to the cold head so that the target can be positioned at different distances from the plates of the TOF mass spectrometer.
The target mount which is attached to the end of the copper rod is made up of a series of thin metal foils, a tantalum resistive heater and a pair of 0.5 cm 3 ruby blocks, as illustrated in figure 3 . The ruby blocks sit on a layer of indium at the end of the copper rod to ensure good thermal contact. The ruby blocks are used because ruby and sapphire have the unusual thermal property that at low temperatures (<50 K) they have a very high thermal conductivity and at high temperatures (>200 K) they have a very poor thermal conductivity [53] . This means that the target can be heated using the tantalum heater without increasing the temperature of the cold head, which is left running, beyond its maximum operating temperature of 350 K, whilst the target can still be cooled for low-temperature experiments. On top of the ruby blocks is a sheet of 0.025 mm thickness gold foil to provide good thermal contact followed by a copper block. On top of the copper block is a 0.025 mm thick tantalum foil sandwiched between two layers of 0.25 mm thick alumina (Al 2 O 3 ) to electrically insulate the tantalum foil from the rest of the target mount. Electric currents of up to 20 A can be passed through the tantalum foil to resistively heat the target. Tantalum was chosen for the resistive heater as it was found to have the best combination of high resistivity and durability. A copper cap holds the heater assembly together. On top of this is a layer of gold foil, then a copper plate with a groove for a thermocouple to be inserted. Finally, the targets are secured on top of the copper plate, as illustrated in figure 3 , using a pair of tensioned tungsten wires.
The combination of metal foils under the target and the tantalum heater were found to give the best thermal contact between the sections of the target mount which is important for the efficient heating and cooling of the targets. The target temperatures are measured with an N-type thermocouple.
State-selective laser spectroscopy of product H 2 molecules
The REMPI process we employ uses a well investigated excitation scheme [54] [55] [56] [57] [58] [59] to state-selectively ionize H 2 after it has desorbed from the cosmic dust targets. Two photons excite an H 2 molecule, via a virtual level, to the ground vibrational level of the E, F 1 + g electronic resonance state, ∼12.4 eV above the X 1 + g ground state. A further photon then ionizes the H 2 . As the state-selective step is a two-photon process, J = 0, ±2 so the only rotational branches detected are O, Q and S ( J = −2, 0, +2 respectively). For our (2 + 1) REMPI, Q-branch transitions are used as they are approximately 30 times stronger than the O and S branches and dominate REMPI spectra for two-photon resonance excitation through the E, F state [40, 55] .
Laser system.
Photons in the range 200-220 nm are required for the (2 + 1) REMPI of the first three vibrational levels of H 2 . This light is produced by pumping a tuneable dye laser (Continuum ND6000) with the second harmonic of a Nd:YAG laser (Continuum Surelite 10-III) pulsing at 10 Hz with a pulse duration of 4 ns. The photons from the dye laser are then frequency doubled in a KD * P crystal and then mixed back with the residual dye beam in a BBO crystal to produce the third harmonic of the dye beam which gives photons of the required wavelength. The dye laser specifications give a linewidth of 0.08 cm −1 . The quality of the frequency-doubled and-tripled beams are monitored by a pair of auto-trackers which rotate the angle of the crystals to keep the beams correctly phasematched. The laser output energy at 200 nm is usually in the range 1.0-2.0 mJ /pulse.
The frequency-tripled light has to be directed through the centre of the source region of the TOF mass spectrometer, a point located ∼35 mm from the target, and focused to an intense spot to provide a sufficient photon density for the REMPI process to occur. Two adjustable UV reflecting mirrors are used to direct the frequency-tripled light and a lens of focal length 30 cm focuses the beam to give a time-averaged power density at the beam focus of approximately 0.7 GW cm −2 for our maximum UV pulse energy of 2 mJ. After passing through the lens the light enters the vacuum chamber through a quartz window.
Any stray laser photons that hit the surface of the vacuum chamber can release photoelectrons which can go on to ionize gas molecules in the chambers, increasing the background and swamping any REMPI signals. To cut down the number of photoelectrons generated, a series of conical light baffles are placed inside the vacuum chamber on the high vacuum side of the quartz window. A similar set of baffles guides the beam out of the chamber after it has passed through the interaction region. As a result of these measures, a typical background ion count of H 2 + at 210 nm is one ion every 40 laser pulses. The laser beam exits the vacuum chamber through another quartz window where it is dumped.
Time-of-flight mass spectrometer
Ions generated by the REMPI process are detected by a TOF mass spectrometer (figure 1) based on the two-field WileyMcLaren design [60] . Due to the high photon energies employed, mass discrimination of the ions formed following the laser pulse is essential, despite our strenuous efforts to eliminate stray light, to avoid the swamping of the REMPI signal by ions generated via stray photons striking surfaces. The TOF mass spectrometer consists of a solid stainless steel repeller plate of diameter 50 mm. Mounted on ceramic rods 30 mm above the repeller plate is the middle plate. This consists of a steel disc of diameter 50 mm with a central hole 32 mm in diameter. A grid of very fine wire mesh covers the hole. This allows 90% transmission of ions whilst allowing a uniform electric potential to be applied across the source region. A further 30 mm above the middle plate is the drift tube. The drift tube is 360 mm long and again has fine wire mesh coverings at either end to ensure uniform electrical fields exist. Mounted 5 mm beyond the exit of the drift tube is a microchannel plate (MCP) detector. Under the current operating conditions the TOF mass spectrometer has a resolution of approximately 50 making it suitable for the detection of small molecules and perfectly suitable for the distinction of H + and H + 2 from heavier ions. Although the principle method of ionization used in the experiment is photoionization via a pulsed laser, electronimpact ionization using a custom-built electron gun can also be performed. Electron-impact ionization provides a convenient method of calibrating the TOF mass spectrometer and for analysing the mixture of hydrogen molecules and atoms incident on the target from the atomic hydrogen source. However, the two types of ionization (laser or electrons) require different potentials to be applied to the TOF mass spectrometer. When using the laser, the repeller plate is grounded and the middle plate is set to −400 V. This voltage configuration dramatically reduces the background ion count from photoelectrons generated by stray photons, while still providing the net repulsive field needed to accelerate positive ions towards the drift tube. For electron impact ionization, the repeller plate receives a pulsed +400 V potential and the middle plate is set to 0 V to make sure electrons cross the source region. The drift tube potential is set for the best space focusing, −1800 V for photoionization and −1400 V for electron impact ionization. The temporal width of the H 2 peak in the TOF mass spectrum provides some information on the translational energy of the product species. If the H 2 is formed with considerable translational kinetic energy over a wide range of angles a wider peak will result. If the angular distribution is narrow, but the H 2 is still highly translationally excited, the H + 2 signal will be shifted from the expected position. To date, no such evidence of highly (>1 eV) translationally energetic H 2 products has been observed.
Electronics
To record a mass spectrum, the TOF mass spectrometer requires a set of amplification and counting electronics, for the signals from the MCP, as well as pulse and delay electronics to coordinate the data collection cycles with the pulsing of the laser. In these experiments a delay generator receives a trigger signal from the laser and, after an appropriate delay, sends a time-to-digital converter (TDC) a (start) signal which initiates a 'look window'. A later signal from the delay generator resets the TDC and stops it from recording any further events for that laser pulse. During the look window the TDC receives the ion signals from the TOF mass spectrometer. The TDC is able to detect up to eight events for each 'start' thus maximizing the counting efficiency. Before reaching the TDC, the ion signal from the anode is first passed through a simple impedancematching circuit and a fast pre-amplifier. The signal is then sent to a further amplifier and a constant fraction discriminator (CFD) to remove electronic noise and provide pulses suitable for the TDC. After each laser pulse the counts from the TDC are sent via a CAMAC/GPIB interface to a personal computer (PC) where they are displayed as a histogram of counts against flight time, a TOF mass spectrum. A block diagram of the timing electronics is shown in figure 4 .
To collect data from the REMPI process, the PC runs a program to communicate with the laser. This program moves the laser between a user-entered wavelength range in steps of specified size, accumulating data at each wavelength point for a time chosen by the user. The signal at each individual wavelength point is the number of ion arrivals within a flight time range characteristic of H + 2 ions, ion arrivals with flight times outside the flight time range are rejected. Typical step sizes are in the range 0.001-0.005 nm and ion accumulation times at each wavelength step are of the order of 10-300 s for each wavelength step. To turn the raw ion signals, as a function of wavelength, into a REMPI signal, the average background each side of the peak is calculated to find the average background under the peak itself. This background is then subtracted from the peak area, which is simply the sum of the counts under the peak as each channel is the same width.
It is important, when collecting data, not to saturate the counting electronics as the CFD used has a dead time of 32 ns. Hence, if more than one H + 2 ion is generated per laser pulse only one may be counted as, due to the focusing of the TOF mass spectrometer, ions with the same mass arrive within 40 ns of each other. As the laser runs at a repetition rate of 10 Hz this means that to avoid miss-counting the number of ions at 
In practice, this means that the laser power must be adjusted to give non-saturation of the timing electronics first and the ion signal's laser power dependence can then be determined. If the REMPI signals detected are very small because the laser is being run at a low power setting, then the accumulation time at each step can be increased to compensate for this and give a better signal-to-noise ratio. A typical REMPI spectrum of H 2 molecules in v = 0 at 295 K is shown in figure 5 .
Experimental performance
In this section the performance of the various components of the experiment is described. that is calibrated for its final output power L because the H + 2 REMPI signal will be proportional to L raised to some power. To experimentally calibrate the laser power dependence, H 2 REMPI signal strengths I were measured at different laser output powers. The laser wavelength was set for resonant excitation of H 2 molecules in the v = 0, J = 0 rovibrational state at 295 K, and the laser power measured with a volume-absorbing power meter (Molectron PM500A with a PM1OV1 probe). A weighted least squares fit was applied to the data which shows that I = k L 1.47±0.14 , a power dependence in good agreement with other groups using similar laser arrangements [58, 59] . Hence, to measure rotational populations the recorded, background-corrected, REMPI signals must be divided by L 1.47±0.14 . The laser-powercorrected REMPI signals are then normalized to the signal for the J = 0 state. The true relative populations of the rotational levels of unexcited molecular hydrogen in its electronic and vibrational ground state at a certain temperature can be found from the Boltzmann distribution. By comparing the rotational populations of H 2 (v = 0) measured by our REMPI technique with those predicted by the Boltzmann distribution we can perform an essential test to show our REMPI TOF system can detect rotational populations accurately. Figure 6 and table 1 show the rotational populations measured by our experiment for H 2 , bled into the reaction chamber at 295 K, and those predicted by a Boltzmann rotational distribution. As table 1 shows, there is good agreement between the measured and predicted rotational distributions. This agreement indicates that the experiment is suitable for measuring rotational populations of H 2 molecules. The principle source of error for the derived experimental populations arises from the laser power measurements. This error is combined with the statistical errors from the ion counts to give the experimental errors displayed with the data.
Boltzmann distribution of H
The accuracy of the REMPI detection system can be expressed by comparing the measured rotational populations with the predicted populations.
In modern REMPI experiments on H 2 the ratio of measured to predicted populations should be close to unity until high J levels (J 11 for v = 0) are reached [58] . Our populations agree with this prediction within our error limits. It is thought that the measured to predicted population ratio deviates from unity at higher J levels due to an increase in H + production via the laser photons exciting H + 2 to dissociative states [58] .
Atomic hydrogen source
An estimate of the performance of the atomic hydrogen source has been made by using the electron gun, set to emit 300 eV electrons, to take an electron impact mass spectrum of the gas emerging from the PTFE tube which is incident upon the target. The H + and H + 2 intensities in these spectra, when suitably corrected to allow for the difference in ionization cross sections and velocities of H and H 2 , gave a dissociation fraction of approximately 20%. However, this value is simply an initial estimate taken only a few hours after the H atom source was turned on. After the source has been running continuously, the dissociation fraction is almost certain to be higher as the walls of the discharge cell and PTFE transport tube become passivated by the H 2 and H gas flowing through them making H 2 recombination during the beam transport less likely. From these experiments we conclude that we can generate a H atom beam with a usable number density of H atoms. An estimate of the H atom beam flux entering the reaction chamber can be made by invoking the assumption that the gas in the discharge cell is under viscous flow and the same flow conditions propagate through the PTFE transport tube. Given these approximations, then for a dissociation fraction of 20%, the H atom flux emerging from the PTFE tubing is approximately 5 × 10 13 cm −2 s −1 . To confirm these estimates and further investigate the performance of the H atom source, we have detected the H atoms 3.5 cm from the end of the PTFE tube using (2 + 1) REMPI [61] at 205 nm. Under our experimental conditions the H + signal we observe corresponds to an H atom density [59, 62] of 3 × 10 7 cm −3 which for atoms with a translational temperature of 300 K corresponds to a flux of 1 × 10 13 cm −2 s −1 , in good agreement with estimate made above using the published performance of the source [45] . The pressure dependence of the H atom flux, monitored by REMPI, as a function of the H 2 pressure in the hydrogen atom source corresponds well with previous investigations [45] passing through a maximum at about 1-2 Torr. Reassuringly we see no H-atom REMPI signal when the hydrogen atom source is off or when the source is running and the aluminium block is warm. The latter observation indicating clearly that, as expected, the H atoms efficiently recombine on the surface of aluminium oxide at room temperature.
Aluminium cooling tube
A critical commissioning experiment has been carried out to show that the aluminium cooling tube system is operating as expected and that no vibrationally excited H 2 from the discharge source is reaching the reaction chamber. An amorphous copper target was mounted on the end of the helium cold head in the reaction chamber and maintained at room temperature as H atoms are known to recombine efficiently on copper surfaces [36] [37] [38] [39] . The laser was set to ionize only rovibrationally excited H 2 in the v = 1, J = 1 internal energy state. As shown in figure 7 , with the aluminium tube cooled a clear REMPI signal was observed. Conversely, when the aluminium tube was at room temperature, no REMPI signal from v = 1 was present ( figure 7) .
If the v = 1, J = 1 REMPI signal was due to excited H 2 from the discharge cell, then this signal would still be present when the aluminium tube was at room temperature. However, as figure 7 shows, with the tube at room temperature no signal was present. This must mean that if any excited H 2 is emerging from the source then it must be thermalizing on the aluminium tube and PTFE transport tube. Also, as expected, when the aluminium tube is warm the hydrogen atoms emerging from the source must be recombining on its surface and any vibrationally excited H 2 formed by that recombination is also subsequently thermalized. As stated above, this is clearly shown by the H-atom REMPI experiment as the H-atom REMPI signal is present with the aluminium tube cold but not when the tube is at room temperature. When the aluminium tube is cold, excited H 2 from the discharge source will still be thermalizing as before, but the hydrogen atoms from the source will not recombine significantly on the aluminium tube's surface and so can impinge on the target. This means that the v = 1, J = 1 signal must be from recombination of H 2 on the surface of the target. This shows that the aluminium cooling tube performs as expected and that the excited H 2 molecules detected by REMPI are not produced from the source but from recombination on the target in the reaction chamber.
The target mount is carefully designed to present very few additional surfaces, other than that of the target, to the incident H atom beam. In addition, transporting the H atom beam, using the PTFE tube, to a location very close to the target means we are sure that the first surface the vast majority of H atoms encounter is that of the target. Hence, we can discount the possibility of the formation of H 2 on stray surfaces in the target chamber. Figure 8 shows the measured target and cold head temperatures against heater current. The cold head is able to reduce the target temperature to around 14 K. In addition, it can clearly be seen that the temperature of the cold head stays within its operating limits, actually less than 200 K, when the target is heated to temperatures in excess of 1000 K. Several heating cycles can be performed successfully without any degradation in performance. However, the tantalum foil does become brittle after it has been heated and if the target mount is disassembled care has to be taken not to fracture the foil. A second target mount which incorporates an improved location mechanism for the tantalum heater has also been developed. In this later design the heating foil now locates securely in a groove formed between two machined aluminium nitride sheets. These aluminium nitride sheets replace the alumina insulation which was previously used (figure 3, section 2.5). Assembly of the target mount whilst maintaining the heater in position was somewhat involved when the heater was simply sandwiched between the alumina sheets. This later design overcomes these problems. To date this adapted mount appears to work well, with the target reaching temperatures below 40 K, whilst having similar heating characteristics to the earlier mount. Similar results for the rovibrational distribution of H 2 have been obtained using both the target mounts.
Target mount performance
Representative results: the formation of vibrationally excited H 2 on a carbon surface
An initial study of H 2 formation has been carried out using the apparatus described above. The target was a 10 mm × 10 mm piece of highly oriented pyrolytic graphite (HOPG) held at 35 K. HOPG was chosen as an initial surface so that a comparison of any H 2 rovibrational states detected can be made with current theoretical work on H 2 formation on graphite [26, 27] . The source pressure was maintained at Figure 9 shows a REMPI signal of the v = 1, J = 1 Q-branch transition.
Comparing the signal strength for REMPI of an effusive sample of H 2 at 300 K (figure 5) with the signal strengths we observe for H 2 (v = 1, J = 1), allowing for the different transition strengths [58] , we estimate the density of H 2 (v = 1, J = 1) under the above conditions to be approximately 2 × 10 7 cm −3 , which corresponds to a flux of approximately 2 × 10 12 cm −2 s −1 if the H 2 molecules are accommodated to the surface temperature.
A rotational temperature for the measured distribution can be deduced by rearranging the Boltzmann distribution function and plotting −k ln[P J /(g J (2J + 1))] against E J , where P J is the normalized population of a rotational state, g J its nuclear spin degeneracy, (2J + 1) its rotational degeneracy and E J the rotational component of its energy. A straight line fitted to this plot will have a gradient inversely proportional to the temperature of the distribution. Our results yield a rotational temperature of approximately 330 K, which is significantly higher than that of the target. We can discount the possibility that the rotational distribution could have thermalized with background H 2 gas in the vacuum chamber as the rotational temperature is independent of pressure in this pressure regime. Indeed, gas-phase rotational relaxation should be highly unlikely given that the mean free path for H 2 at 5 × 10 −8 Torr is ∼1.6 × 10 3 m. The possibility of the results being significantly influenced by rotational thermalization by collisions with the walls of the chamber can also be discounted as our preliminary data for H 2 in v = 2, formed on an HOPG target under the same conditions, exhibit a rotational temperature that is significantly below that deduced for the v = 1 data [63] , which would not be the case if rotational thermalization at the chamber walls were occurring.
Conclusion
A new experiment to study the formation of H 2 under conditions close to those of the ISM has been constructed and successfully commissioned and calibrated. The recorded rotational distribution of H 2 gas at 295 K has been measured and is in good agreement with expected values showing that the experiment is capable of accurately detecting H 2 rotational populations.
Initial results studying H 2 formation on a graphite target show that the experiment is capable of detecting vibrationally excited molecules that have formed on a target surface and is capable of determining their rotational populations. These results also suggest that the rotational temperature of the H 2 molecules that have formed on the target is considerably higher than the target's surface temperature.
